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INTRODUCTION
The coast line of southern South America west of the Andes mountains was broken down by quaternary glaciation to form a vast and long archipelago extending to Cape Horn. The complex web of channels, inlets and surrounding land masses form a system of basins whose hydrographic and ecological peculiarities are poorly known. Fjords as a type of estuary generally possess steep sides, rock bottoms (which may be thinly veneered with sediments), and underwater sills (Kennish, 1986) . They are therefore, glacial troughs now partly occupied by the sea.
Located within the latitudinal range of the West Wind Drift and north of the Polar Front, this fjord system is influenced by Subantarctic adjacent waters and also by precipitation, continental runoff and melting ice. According to Pickard (1971; 1973) , Chilean fjords are atypical when compared to British Columbian and Alaskan fjords because of less abundant freshwater runoff, the absence of sills in most inlets and because of a very complex temperature structure of the water column. Pickard (1973) and Panella et al. (1991) pointed out that the westward influence of Atlantic waters in the Straits of Magellan extends through Paso Ancho, and the eastward influence of Pacific waters reaches Isla Carlos III, where a narrow constriction and a shallow sill exists (Antezana et al., 1992) . Tidal current driven exchange between oceanic and inland waters takes place to a different extent at both western and eastern entrances (Panella et al., 1991) . However, no description has been given of gradients or frontal conditions offshore, since results of those cruises did not cover adjacent oceanic waters.
The first objective of this work was to describe the characteristics of adjacent oceanic waters as a reference base to infer the degree of isolation of inland waters or their exchange between inland passages (such as the Canal Magdalena / Canal Cockburn / Canal Brecknock system and Canal Ballenero / Canal Beagle system), and with oceanic waters. (Spanish names from Chilean navigational charts are used in this study). These channels are connected with the Pacific Ocean and water exchange is expected to occur in peculiar ways which are not described yet. Most recent studies based on hydrographic (Panella et al., 1991) , biological Carrada et al., 1994; Cabrini and Fonda Umani, 1991; Fonda Umani and Monti, 1991; Mazzocchi and Ianora, 1991) or geological (Brambati et al., 1991) features, identified basins within the Straits of Magellan and proposed environmental boundaries between them. Most of these boundaries coincided with a subdivision, based purely on bathymetric and topographic features (Antezana et al., 1992) , which anticipated significant effects of both depth and side contours on water exchange between basins and with the open ocean.
The second objective of this study was to examine bottom profiles and the distribution of water properties along these passages to identify basins within the system and to infer the extent of their exchange with open ocean waters and between basins. Particularly higher sampling resolution (stations were more closely located) was achieved in a most unique area of Brazo Noroeste, where numerous glaciers reach the sea surface.
MATERIAL AND METHODS

The study area
The study area (Fig.1) Paso Ancho is the widest part of the Straits of Magellan situated midway between the Atlantic and Pacific and extending toward the west into Bahía Inútil and toward the southwest to Canal Whiteside / Seno Almirantazgo. At the southernmost vertex of the V shaped Straits of Magellan, Paso del Hambre and Seno Magdalena narrow and extend southward into Canal Magdalena, and eastward to Canal Cockburn. At this point the channel system opens to the Pacific Ocean through Bahía Desolada. Eastward into Canal Brecknock, Canal Unión, Canal Ballenero and Canal O'Brien, the coast line is more broken to the north by small and narrow inlets and to the south by connections to the Pacific Ocean at Bahía Fitzroy (at the junction of Canal Unión and Canal Ballenero) and Bahía Cook (at the junction of Canal Thompson and Brazo Sudoeste). Eastward into Brazo Noroeste and Canal Beagle the passage is narrower and is broken and bordered by glaciers on the north side and a narrow passage on the west side of Isla Navarino. On the east side of this Island the passage opens widely toward the Cape Horn.
The main sources of continental fresh waters within this area seem to be associated with Cordillera de Darwin, the southern extension of the Andes mountains, located along the southwestern sector of Tierra del Fuego. Melting ice and precipitation waters likely entered the system through 1.-Seno Almirantazgo into Bahía Inútil and Paso Ancho, 2.-Canal Gabriel and Seno Keats into Canal Magdalena and Seno Magdalena, and 3.-along inlets and glaciers on the north side of Brazo Noroeste and Canal Beagle.
Data collection
This study is mainly based on data collected during the Magellan campaign of R.V. "Victor Hensen" leg 1 and 2 carried out in November 1994 (Arntz and Gorny, 1994; Antezana et al., 1996) during the dry season of the year. Additional data from the Piquero Expedition (Fig. 2) on board R. V. "Thomas Washington" during January-February 1969 (Anon, MS) and some published data from Atlantic waters adjacent to Tierra del Fuego (Reid, 1994; Sánchez et al., 1993) are also included.
On transit between Punta Arenas and Puerto Williams (2-6 November), 14 stations were occupied at 5-10 miles intervals ( Fig. 1) 
RESULTS
Subantarctic waters surrounding South America
The main source of surface water approaching the southern cone of South America (Fig.2) comes from the West Wind Drift which deflects south to form the Cape Horn Current, as seen from potential density isolines (Fig.3c) . Beyond Cape Horn, Subantarctic waters as part of the circumpolar current system continue eastward and northward, beyond the continental shelf to form the Falkland (Mal-vinas) Current. Toward the coast, Subantarctic waters mix with channel waters from rivers, glaciers, precipitation and continental runoff to produce a belt of brackish waters surrounding the tip of South America (Fig.  3b ). This layer did not extend much deeper than 50 m on the Pacific side (Fig. 3d) . The surface salinity minimum on the Atlantic was associated with the outflow of Straits of Magellan waters; it is very wide, extending across the entire Argentinian shelf. On the Pacific side, the salinity minimum was very narrow, as Subantarctic oceanic waters are separated from the fjord system by a very narrow continental shelf. Furthermore, salinities were higher than on the Atlantic shelf. This difference could be accounted for by a greater contribution of deeper higher salinity waters near the Pacific coast. The shallow salinity minimum layer associated with fjords was wider at the middle and northern sectors of the fjord region and narrowed southward to Cape Horn where it was restricted to a very thin layer. Therefore Subantarctic waters reaching the Magellan channels have lesser salinity than those approaching the more southern Fuegian channels.
Sea surface temperature distribution ( Fig. 3a ) showed similar tendencies as salinity (Figs. 3b, 3d) and potential density distributions (Fig. 3c) . Associated with the formation of the Cape Horn Current, isotherms form a wedge of warm water with decreasing temperatures southward, with higher values off the Magellan channels and lower values off the Fuegian channels. Beyond Cape Horn, low temperature waters merging with the Antarctic Circumpolar Current flow north and were mostly excluded from the Argentinean shelf sector.
In conclusion, Subantarctic surface waters within the latitudinal range of the West Wind Drift had different characteristics in the Pacific and the Atlantic sectors adjacent to the coast of South America. On the extensive Patagonian shelf, surface temperature ranged between 8.4 and 9.4 ºC and salinity between 32.7 and 33.7. Temperature of surface waters within 220 km off the Chilean Fuegian channels ranged between 6.9 and 7.9 ºC and salinity between 33.8 and 34.1, while off the Magellan channels temperature ranged between 7.5 and 9.5º C and salinity between 33.6 and 33.8. Beyond the Argentinean shelf both temperatures and salinities of Pacific and Atlantic waters were more similar.
Depth profiles along the inland passages to the open ocean
The main connections from these inland passages to open Pacific waters as indicated in navigational charts (Fig. 1) Without attempting a detailed description of the bottom profile, some features likely to affect water circulation are pointed out (Fig. 4) . Paso Ancho basin in the Straits of Magellan extends southward beyond Paso del Hambre to form Seno Magdalena, a shallower rise about halfway between the Pacific and the Atlantic. Southward, Canal Magdalena follows a straight N-S direction and merges into Canal Cockburn which runs westward to connect to the Pacific.This section (Fig. 4a ) is rather deep with a mound of 200 m at the entrance of Canal Magdalena and a net downward slope toward the open ocean which is separated by a 30 m sill. Canal Cockburn opens in a straight southerly direction but this entrance is fringed by several small islands which divide the mouth of Canal Cockburn into several shallow passages. The confluence with Canal Brecknock is also connected to the ocean by the same sill of 30 m extending eastward.
The section along Canal Brecknock, Canal Ballenero, Canal O'Brien and Brazo Noroeste ( 
Waters within main passages
Vertical distribution of temperature, salinity and density are depicted in the two main sections: Seno Magdalena / Canal Magdalena / Canal Cockburn / Canal Brecknock Passage (Fig. 5) and Canal Brecknock / Canal Ballenero / Canal Noroeste / Canal Beagle Passage (Fig. 6) . Data from Canal Brecknock were plotted in both transects as they are at the confluence of both passages. Data from coastal Pacific waters from the Piquero expedition (in late The distribution of isohalines (Fig. 5b ) mirrored the density distribution with a similar abrupt front at the Pacific entrance and a transition between homogeneous conditions of Seno Magdalena to stratified conditions of the Canal Cockburn / Canal Brecknock passage. The high salinity deep layer found in Canal Brecknock and Canal Cockburn gradually disappeared to a completely mixed water column of 31.1-31.3 salinity.
Temperature distribution (Fig. 5c ) showed an abrupt difference between warm Pacific waters and inland waters. The Paso Ancho / Paso del Hambre / Seno Magdalena sector showed the coldest waters and complete thermal homogeneity to 200 m (which extended to 300 m according to the deepest data collected at these stations). The Canal Magadalena / Canal Cockburn / Canal Brecknock sector showed instead a surface lens of warmer water. This was the only sector of the entire study area where a shallow warm water layer was found. A thermal front, shown by the upward deflection of the 6.4 ºC isotherm to the surface was observed in Seno Mag-dalena, ca. 10 km north of the entrance of Canal Magdalena (Punta Anxious).
Canal Brecknock / Canal Ballenero / Canal O'Brien / Brazo Noroeste / Canal Beagle Passage
Distribution of densities (Fig. 6a) indicated important gradients toward the Pacific and at the confluence of Canal Noroeste and Canal Beagle near Punta Yámana. A shallow lens of low potential density (less than 24.5 kg/m 3 ) occurred along the glacier sector of Brazo Noroeste. Nearby a deep wedge of high density impinged upward to about 40 m in the eastern sector, but did not extend beyond the confluence with Canal Beagle (and Brazo Sudoeste) where the bathymetry profile indicated a sill of 80 m. In the westernmost sector (at Isla Sidney), waters with similar densities were homogeneously distributed in the water column to 90 m .
Vertical distribution of isohalines (Fig. 6b ) along the same section mirrored the distribution of isopycnals. A lens of lowest salinities extended throughout the glacier sector of Brazo Noroeste to gradually disappear through Canal Ballenero and Canal Brecknock. A subsurface layer of higher salinity waters occurred here and was particularly obvious toward the deepest and easternmost sector. This core diffused westward. It was barely present toward the easternmost part of Brazo Noroeste (Ventisquero Italia) and did not reach Punta Yámana on the Canal Beagle.
Vertical distribution of isotherms (Fig. 6c ) along this section showed a subsurface warmer wedge rising eastward with a core of >8 ºC in the glacier sector of Brazo Noroeste. Overlying this warm layer there was a cold upper layer (10-40 m of water less than 6ºC), which was thinner on the glacier sectors and thickened westward. Both cold upper and warm deep layers were separated by strong thermoclines which deepened in the E-W direction.
In summary, vertical sections of density, temperature and salinity along the Straits of Magellan to Canal Beagle suggest the subdivision of the following microbasins:
1. A continuous gradient of increasing salinity from Paso Ancho toward the eastern entrance of Canal Beagle is shown, when data of the entire study area are depicted in a single profile along the inland passages while ignoring connections to oceanic Pacific waters. Nevertheless, some other oceanographic features suggest the subdivision of micro basins. For example, Paso Ancho / Seno Magdalena had vertically mixed low salinity and cold water. Brazo Noroeste / Canal Ballenero had temperature inversions and two thermal and haline layers, with the warmest and saltiest waters at depth. Canal Magdalena / Canal Cockburn showed intermediate water properties with moderate salinity, temperature and vertical stratification. Canal Brecknock had clearly transitional water conditions.
Finally surface temperature distribution in the upper 40 m throughout the entire region was rather constant around 6.5 ºC, which was about 1-3 ºC lower than the Subantarctic surrounding shelf waters. The glacier sector of Brazo Noroeste was the only sector where a deep layer of warm waters similar to the surrounding shelf waters was detected.
Vertical stratification
Selected profiles of vertical distribution of temperature and salinity are depicted in order to stress differences between and to some extent within microbasins. Maximum stratification occurred in the glacier sector e.g. off glaciers Francia and Garibaldi (Fig. 7a-b) . Overlying a high salinity layer which extended to the bottom, there was a strong halocline above 80 m, which reached the surface at glacier Garibaldi and broke into two shallow layers at glacier Francia. Temperature showed inversions associated with several overlying layers: an upper warm (and brackish) layer less than 5 m thick over a cold and also brackish subsurface layer of 30-50 m, and both over the warm deep layer of saline waters which extended to 250 m depth.
A more moderate stratification of salinity was observed in Canal Cockburn (Fig. 7c-d) where a weaker halocline was found at ca. 80 m; temperature instead, was not stratified in this sector with the exception of a slight gradient in the upper 30 m. Homogeneously distributed waters appeared in Seno Magdalena and in Punta Yámana both with similar temperatures (ca. 6.6 ºC) but higher salinities in Punta Yámana than in Seno Magdalena. 
DISCUSSION
Distribution of water properties was consistent with general ocean current circulation indicating a southward deflection of the West Wind Drift to form the Cape Horn Current extending along the Chilean fjord region to Cape Horn. Although the entire latitudinal range was affected by the outflow of freshwater from the inland passages, differences were identified in temperature, salinity and density distribution between the Pacific and Atlantic coastal waters, as well as between the more northerly Straits of Magellan and the southern Fuegian fjords on the Pacific. One must bear in mind, however that this study includes data from different cruises and does not consider seasonal variability. The lack of sampling through the connecting passages and in the immediate open shelf waters in the Pacific is also a limitation.
Even so, limited water exchange between inland passages and the open ocean is suggested by the presence of warm and salty waters in only some passages and the direction of temperature, salinity and density gradients. Despite major connections to the Pacific at the mouths of Canal Cockburn, Canal Brecknock, Canal Ballenero and Canal Beagle, the presence of shallow sills here is likely to constrain water exchange to the upper 30-40 m. In particular, the shallow depth of the eastern end of Canal Beagle apparently restricts the inflow of subsurface ocean water. Since water exchange with the Pacific is limited and is apparently taking place through narrow and shallow openings, most of the water filling the Magellan and Fuegian basins must be semi isolated or trapped in this season.
Despite sampling depth restrictions (mainly in the upper 200 m), profiles of water properties suggested that water exchange is less constrained between inland passages than across the Pacific sills. Furthermore, other bathymetric features and lateral contractions within the inland passages which would affect water circulation, also explain the hydrographic characteristics and subdivisions of microbasins within this system. Exceptionally, the sill on the axis of Canal O'Brien which separates Brazo Noroeste and Canal Ballenero had no apparent effect on water circulation. The use of bathymetric features to define microbasins in the Straits of Magellan (Antezana et al., 1992) was consistent with the distribution of water properties (Panella et al., 1991) , copepods (Mazocchi and Ianora, 1991) , microzooplankton (Fonda Umani and Monti, 1991) and meso-and macrozooplankton (Guglielmo et al., 1991) in this passage.
One of the most obvious effects of bathymetry on hydrographic discontinuities took place at the confluence of Brazo Noroeste and Canal Beagle where both a depth and lateral contraction occur west of Punta Yámana. Westward into Brazo Noroeste, the water column was well stratified while eastward it was homogeneous. Water characteristics of Canal Beagle at Punta Yámana (salinity 32.2 and temperature 6.6º C through the water column) indicated a slight inflow of Pacific water, likely mixed with cold and fresh water from runoff and from the glaciers of Brazo Noroeste. Eastward the influence of Pacific waters was probably greater. Some preliminary studies in early autumn suggest a westward inflow of even warmer and slightly saltier oceanic water into Canal Beagle (Celio, 1991) . However the warm deep layer (> 8.5 ºC) found in Brazo Noroeste / Canal Ballenero did not appear east of Puerto Williams where depth is less than 50 m. Therefore, current data did not support the intrusion of Pacific waters through Canal Beagle into Brazo Noroeste in spring.
The effect of melting water from several glaciers reaching the surface on the northern side of Brazo Noroeste (as evidenced by a vertically well stratified layer of very cold and brackish water), was a significant feature in the hydrography of these inland passages. Vertical inversion was probably related to winter cooling and successive spring warming and also to local cooling in the proximity of glaciers (Pickard, 1971 (Pickard, , 1973 . This cold and brackish layer did not mix much with the overlying warm and salty waters because of a strong pycnocline. Rather, this cold and brackish layer slid down along Canal Ballenero to reach a depth of 100 m at the confluence with Canal Brecknock. This glacier water mixed gradually with even less saline and warmer waters near the Canal Brecknock / Canal Cockburn / Canal Magdalena system.
The influence of melting waters from Cordillera de Darwin on its northern and western sides was not evident in Canal Magdalena, (where Seno Keats opens), but rather in the Seno Magdalena / Paso Ancho sector where both Canal Gabriel and Seno Almirantazgo open into this area. Therefore, the area of confluence of the Straits of Magellan waters and the southern Magellan fjords system took place in Seno Magdalena where frontal conditions were found (Punta Anxious / Isla Peak), during this spring. The presence of a significant inflow of brackish water was also suggested by Celio (1991) and Panella et al. (1991) at Canal Magdalena and Seno Magdalena during autumn and spring, respectively .
The underlying waters of Brazo Noroeste were the warmest and saltiest found in the study area (8.05 ºC and 33.5 psu at the core). This body of water showed extreme values at the confluence with Canal Beagle (to the west of Punta Yámana) which became an effective barrier for this apparently trapped water. Westward, this densest water (25.5.-26 kg/m 3 ) clearly of Pacific origin spread through Canal Ballenero and eventually may reach the Canal Brecknock / Canal Cockburn / Canal Magdalena basin. These observations are consistent with a northward inflow of Pacific waters suggested by Celio (1991) . However the location of this inflow of Pacific waters is not consistent with shallow sills of connecting shelf passages. The Pacific water might have entered through Bahía Cook which is deeper and closer to the open Pacific than through other connecting passages, as a shallow dense water layer sliding along the bottom of the basin. Alternatively, this water could have entered through the eastern mouth of Canal Beagle in the summer, to cool down and descend in winter, to be finally trapped in the Canal Ballenero / Brazo Noroeste system.
Mixing of deep saline and overlying brackish water took place along Canal Brecknock / Canal Cockburn (deep salinity layer over 32 psu) and Canal Magdalena to reach homogeneous conditions in Seno Magdalena / Paso Ancho. Various factors could work together to produce such homogenous conditions. The combined effect of tidal currents, wind stress, internal friction and bottom friction to overcome the stratifying effect of freshwater discharge was suggested by Panella et al. (1991) in the western entrance of the Straits of Magellan. Indeed, tide and wind induced mixing may be equally effective in wide basins such as Paso Ancho / Seno Magdalena and much less effective in narrow deep basins such as Brazo Noroeste and Canal Ballenero where the stratifying effect of fresh water discharge may be more pronounced.
In conclusion, patterns were identified in water properties which were associated with major bathymetric features, including the presence of shallow connecting sills to the Pacific ocean, which supported a subdivision of basins within the inland passage system, despite the assumed complexity of the study area, the short term of this study, and seasonal variability. Profiles of water properties suggested that water exchange is less constrained between inland passages than across the Pacific sills suggesting that this fjord system is rather semiclosed. These results may be an important framework for understanding distribution, linkages and biological adaptations of organisms in the context of the multidisciplinary effort involved in the R.V. "Victor Hensen" campaign.
